Many biological processes rely on membrane fusion, and therefore assays to study its mechanisms are necessary. Here we report an assay with sensitivity to single-vesicle, and even to single-molecule events using fluorescently labeled vesicle-associated v-snare (soluble N-ethylmaleimide-sensitive factor attachment protein receptor) liposomes and target-membrane-associated t-snare-reconstituted planar, supported bilayers (t-sBls). Docking and fusion events can be detected using conventional farfield epifluorescence or total internal reflection fluorescence microscopy. In this assay, fusion is dependent on snap-25, one of the t-snare subunits that is required for fusion in vivo. the success of the assay is due to the use of: (i) bilayers covered with a thin layer of poly(ethylene glycol) (peG) to control bilayer-bilayer and bilayer-substrate interactions, and (ii) microfluidic flow channels that present many advantages, such as the removal of nonspecifically bound liposomes by flow. the protocol takes 6-8 d to complete. analysis can take up to 2 weeks. Polymer brushes to control bilayer-substrate and interbilayer interactions. PEG chains grafted onto a bilayer behave similarly to polymers present at interfaces [15] [16] [17] . At low densities, the grafted PEG chains do not interact laterally on the surface, and form 'mushrooms' whose configurations are only slightly different from those of free chains in solution [15] [16] [17] . At densities above the overlap threshold (when the chains just touch laterally), polymer brushes are formed, wherein lateral interactions squeeze the chains in the plane of the grafted surface and force them to extend in the direction normal to it [15] [16] [17] . These considerations apply when-apart from the graft point-the chains interact with the bilayer in a repulsive manner. When two surfaces with grafted chains are brought into close proximity, a second crucial density-0.5 times the overlap threshold-arises, beyond which interpenetration of chains from the two surfaces is sterically hindered 16 . PEG is a polymer with some peculiar properties, which are at least partly due to solventmediated structuring [18] [19] [20] . Consequently, scaling 15 or mean-field 17 theories that ignore such detailed interactions can only be taken as a rough starting point. Nonetheless, X-ray 16 and neutron reflectometry 21 measurements of PEGylated bilayers are at least qualitatively consistent with expectations from idealized polymer theories.
IntroDuctIon
Membrane fusion is required for fundamental processes such as fertilization, infection by enveloped viruses, intracellular trafficking, and secretion of neurotransmitters and hormones. The first direct evidence that SNAREs mediate membrane fusion came from a bulk in vitro fluorescence dequenching assay used to monitor fusion between proteoliposomes reconstituted with cognate vesicular (v)-and target (t)-SNAREs 1 . The bulk liposome fusion assay and its various derivatives have provided much of our mechanistic understanding of SNARE-mediated fusion and its regulation by lipids and auxiliary proteins 2 . It is easy to implement and analysis is straightforward. However, the assay suffers from a number of limitations such as low sensitivity and time resolution, as well as the fact that it detects the cumulative effects of vesicle docking and fusion. In addition, a key intermediate state named hemifusion (in which the proximal leaflets of two bilayers have fused but the distal ones have not) cannot be readily detected. To overcome these limitations, intense efforts have focused on developing new assays that can detect single-vesicle docking and fusion events.
Two assays have emerged that have been shown to be capable of reproducing physiological observations and providing new mechanistic insights. The first assay was developed in the laboratory of T. Ha, and it monitors fusion between surface-tethered v-SNARE-reconstituted vesicles and t-SNARE-reconstituted vesicles in bulk in a flow cell ('tethered-vesicle fusion assay') [3] [4] [5] [6] . Single-vesicle docking and fusion events are monitored using fluorescence resonant energy transfer (FRET) between acceptor and donor lipid labels in the tethered and bulk vesicles, respectively. The tethered-vesicle fusion assay is described in detail in a protocol by Diao et al. 7 . The second assay is the subject of this protocol. It was developed by our group and is used to study the mechanisms of fusion by the exocytic/neuronal v-SNARE VAMP-2/synaptobrevin and the t-SNAREs syntaxin-1 and SNAP- 25 (refs. 8 and 9) . This assay monitors single-vesicle docking and fusion events between t-SBLs and v-SNARE-reconstituted bulk small unilamellar vesicles (v-SUVs) in microfluidic flow channels ('SUV-SBL fusion assay'). The inclusion of a fluorescent lipid (lissamine-rhodamine derivatized phosphatidyl ethanolamine, LR-PE) enables the v-SUVs to be detected as they dock and fuse with the SBL either using conventional far-field epifluorescence microscopy or total internal reflection fluorescence microscopy (TIRFM). Both detection approaches are sensitive to single docking and fusion events 8, 9 ; however, TIRFM provides enough sensitivity that release of single lipid-linked fluorophores from the v-SUV into the t-SBL upon fusion can be monitored with ~15-ms time resolution 9 .
Experimental design
The planar SBL. Planar bilayers supported on a substrate were first pioneered by McConnell and colleagues 10, 11 . The advantages of a fusion assay in which SUVs dock and fuse with planar SBLs were recognized about a decade ago and first applied to neuronal/ exocytic SNARE-mediated fusion by the Rothman laboratory, in which docking and fusion of single v-SUVs was visualized with t-SBLs for the first time 12 . That study was rapidly followed by similar approaches developed by Chu and co-workers 13 and the Weisshaar 14 group. However, the methods used in these studies have failed to faithfully reconstitute some crucial aspects of fusion as it occurs in vivo. Most notably, fusion was found to be independent of SNAP-25, an absolutely required subunit of the t-SNARE in vivo. In addition, conflicting results regarding the efficiency, calcium dependence and rates of fusion have been reported. It is very likely that these difficulties arise from a lack of control of SBL-substrate interactions, a problem that has traditionally been a limitation in SBL research, especially when transmembrane domain proteins are included.
To remedy this problem, we have taken two approaches. First, by including a fraction of lipids that are covalently linked to a PEG chain, interbilayer and bilayer-substrate interactions can be controlled by varying the density and length of the PEG chains. The second approach is the use of microfluidic flow channels for controlled deposition of SBLs. Under these conditions, fusion of v-SUVs with t-SBLs containing both subunits of the t-SNARE (syntaxin-1 and SNAP-25) is more than ten times faster than with SBLs containing only the syntaxin-1 subunit 8 .
Polymer brushes to control bilayer-substrate and interbilayer interactions. PEG chains grafted onto a bilayer behave similarly to polymers present at interfaces [15] [16] [17] . At low densities, the grafted PEG chains do not interact laterally on the surface, and form 'mushrooms' whose configurations are only slightly different from those of free chains in solution [15] [16] [17] . At densities above the overlap threshold (when the chains just touch laterally), polymer brushes are formed, wherein lateral interactions squeeze the chains in the plane of the grafted surface and force them to extend in the direction normal to it [15] [16] [17] . These considerations apply when-apart from the graft point-the chains interact with the bilayer in a repulsive manner. When two surfaces with grafted chains are brought into close proximity, a second crucial density-0.5 times the overlap threshold-arises, beyond which interpenetration of chains from the two surfaces is sterically hindered 16 . PEG is a polymer with some peculiar properties, which are at least partly due to solventmediated structuring [18] [19] [20] . Consequently, scaling 15 or mean-field 17 theories that ignore such detailed interactions can only be taken as a rough starting point. Nonetheless, X-ray 16 and neutron reflectometry 21 measurements of PEGylated bilayers are at least qualitatively consistent with expectations from idealized polymer theories.
When polymers are grafted onto soft surfaces, such as lipid bilayers, additional phenomena may arise. When grafting density is low, or when polymers cover only one of the two surfaces of a bilayer, the grafted chains will tend to bend the membrane to increase the configurations available to them 22 . Bending effects are not important in our assay because brushes cover both sides of a bilayer at the same density and the bending forces balance. Finally, at very high PEG coverage (more than 15-20 mol% for PEG2K) segregation might occur into PEGylated lipid-rich and lipid-poor phases 23 . Properties of PEGylated liposome bilayers have been extensively studied because of their use for drug delivery applications 24 . The biocompatible, well-hydrated PEG layer is very efficient in sterically inhibiting nonspecific adhesion onto bilayer surfaces. Crucial to the success of the fusion assay, the use of PEGylated lipids introduces a fully hydrated, soft cushion between the planar SBL and the glass coverslip substrate. The thickness and density of the cushion can be varied to tune its properties.
Inclusion of a soft cushion between the SBL and the substrate crucially improves functional reconstitution of transmembrane proteins, and therefore many strategies have been developed to achieve cushioned or tethered SBLs 21, [25] [26] [27] [28] [29] [30] [31] [32] [33] , some of which have been commercialized (SDx Tethered Membranes). However, many strategies involve sophisticated surface chemistry, rapid exchange from the oil to the aqueous phase or the use of Langmuir-Blodgett deposition techniques that are complicated, may influence fusion properties or are incompatible with microfluidics. In contrast, use of PEGylated liposomes for forming SBLs is simple, oil-free and compatible with microfluidics. PEGylated liposomes adsorb onto very clean, hydrophilic glass (or quartz) surfaces, where the favorable PEG-substrate adsorption energy drives the spread of the bilayers to the point of rupture of the liposomes, followed by healing of the defects by fusion. The Cremer group 34 has pioneered the use of PEGylated SBLs with the aim of developing biosensors. Such SBLs can withstand cycles of drying and rehydration without any apparent degradation, presumably because the PEG brush prevents complete dehydration of the bilayers 25 . In addition, transmembrane proteins have high mobilities and activities in PEGylated SBLs 35 . Lin et al. 28 measured the electrical resistance of PEGylated SBLs as a function of PEG-lipid tether density and found that the highest resistance (lowest defect density) occurs near the overlap threshold, at 5-6 mol% for PEG2000-PE. The use of PEGylated bilayers in membrane fusion requires a further consideration, namely that the brushes should not markedly hinder the proteins located in apposed membranes from interacting in trans. This is achieved by choosing the brush height to be smaller than the size of the proteins. The cytosolic domain of the v-SNARE VAMP-2/synaptobrevin-2 is mostly unstructured when free 36, 37 , thus to a first approximation it can be modeled as a random coil, with a persistence length l p ≈ 5 residues × 0.38 nm / residue ≈ 1.9 nm (ref. 38) . Using the wormlike chain model with a contour length L = 35.7 nm (94 residues), an unperturbed radius of gyration R g ≈ 4.4 nm and a root mean squared end-to-end distance R N ≈ 11 nm are predicted 38 . The t-SNARE acceptor complex composed of syntaxin-1 and SNAP-25 is structured, with the SNARE domain being roughly a cylinder of 12 nm in length.
Given all the considerations and constraints above, we chose to have brushes that are approximately 4-5 nm thick and have PEGs that are at the vicinity of the overlap threshold, by using 5 mol% PEG2000-PE (PEG molecular weight = 2,000, corresponding to ~45 monomer units). Small variations in PEG density around this value (approximately 3-7 mol%) do not seem to affect SBL formation or fusion, but we have not undertaken a systematic study of the effects of PEG chain length and density on the experimental results. Because VAMP-2/synaptobrevin-2 is surrounded by a PEG brush, it is likely to be extended slightly further than its unperturbed dimension (estimated above) and should be somewhat protruding from the PEG brush (Fig. 1) .
A very important aspect of the use of PEGylated bilayers is that it provides a realistic mimic of biological membranes in which every square micrometer is occupied by 30,000-40,000 integral membrane proteins 39 . This dense repulsive layer of protein must be cleared from the fusion site to allow interbilayer contact. The 5 mol% PEG2000-PE used here corresponds to ~70,000 PEGs per µm Microfluidics. The use of microfluidic channels, each having a volume of <1 µl, allows the use of very small amounts of sample and monitoring several conditions side-by-side on the same coverslip. The entire experiment is run under constant flow for several reasons: (i) the flow carries away weakly, and presumably nonspecifically, bound v-SUVs 13 ; (ii) the bulk v-SUV concentration remains constant, simplifying analysis 14 ; (iii) when far-field epifluorescence is used for detection (see below), vesicles in bulk appear as streaks due to the flow, making them easily distinguishable from docked vesicles. With typical flow rates of 1-3 µl min − 1 , only 60-180 µl of sample is consumed per channel per hour. Continuous flow would be impractical without the use of microfluidic channels, as much larger volumes of sample would be consumed.
We find SBLs that are formed in microfluidic cells with wellcontrolled flow rates are much more reproducible and homogeneous compared with attempts made using manual deposition. However, even when using flow cells, it is crucial to check the quality of the SBLs before introducing the v-SUVs. This is achieved by including a small fraction (0.5-1.0 mol%) of fluorescently labeled lipids (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (ammonium salt), NBD-PE) and verifying the protocol nature protocols | VOL.7 NO.5 | 2012 | 905 fluorescence recovery after photobleaching (FRAP) of a small region (Fig. 2) . NBD is easily excited using 488-nm laser light and its emission maximum is ~530 nm. These minimize interference with the observation of fluorescence from 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) (LR-PE) (λ em ≈ 570 nm, λ ex ≈ 590 nm) used to visualize the v-SUVs.
SBLs are formed by the incubation of t-SUVs above very clean and hydrophilic glass substrates in microfluidic flow channels. After rinsing off the excess t-SUVs and performing quality checks, LR-PE-labeled v-SUVs are introduced at very dilute concentrations (typically 1-3 pM vesicles, assuming a diameter of 50 nm) such that far-field epifluorescence microscopy is sufficient for visualizing single docking and fusion events at an acquisition rate of 10 Hz (ref. 8) (Supplementary Methods  and Fig. 3a) . The use of TIRFM results in a better signal-to-noise ratio, which in turn allows faster acquisition rates (up to 100 Hz) and detection of single LR-PE molecules (Supplementary Methods and Fig. 3b) .
Because the v-SUVs are very dilute, it takes hours to deplete the free t-SNAREs on the SBL that are slowly consumed by fusion reactions 8 . Thus, on the timescale of an acquisition (typically 60 s), the docking and fusion rates are constant (see ANTICIPATED RESULTS). We typically acquire a few 60-s movies per channel and finish all acquisitions within ~1 h after the introduction of the v-SUVs (unless the decay of the fusion and docking rates are monitored on a multihour timescale 8 ). The observed area is constantly bleached to keep background fluorescence at a low, steady-state level. Any docked vesicle, whether or not it ends up fusing, contributes to the background, but it can do so in different manners. Fused vesicles contribute a homogeneous background as the fluorophores they transfer into the SBL spread. Docked and unfused vesicles (which may make up ~50% of all vesicles) contribute a punctate background with a very broad distribution of intensities because of the dispersity in vesicle sizes and the different bleaching times (equal to the docking time) each experience ( Supplementary Fig. 1 ).
The effect of the light intensity used for bleaching the background on the overall fusion rate and the docking-to-fusion delays should be checked for each new setup to make sure these parameters are not markedly affected 8 . To keep the background signals low, two other parameters can be varied: the v-SUV concentration and the labeling density of v-SUVs. Varying the former will affect the docking and fusion rates, whereas varying the latter will affect the average intensity per vesicle. A good balance must be found between vesicle concentration, excitation intensity and labeling density of vesicles such that a reasonable fusion rate is achieved over a low background and each vesicle is intense enough to be detected clearly.
Applications of the method
The method can be applied to a rich variety of biological problems with minimal modification. Similar approaches have already been applied to virus-SBL fusion by the Weninger group 40 and the van Oijen group 32 . Wessels et al. 40 studied the fusion of influenza and Sindbis viruses with protein-free (pf) SBLs directly supported on quartz substrates. Floyd et al. 32 studied fusion of influenza virus particles with ganglioside-containing SBLs that were cushioned on a soft dextran layer. Their approach is very close to ours in that, in addition to cushioned SBLs, they also used polydimethylsiloxane (PDMS)-based microfluidics. A current challenge in the virus-SBL fusion field is to extend the aforementioned studies to viruses that require transmembrane domain protein receptors, such as HIV-1.
The combination of flow cells and PEGylated SBLs opens the way to other scientific queries. The tethered vesicle fusion assay described in this issue of Nature Protocols by Diao et al. 7 can be carried out using SBLs that carry a controlled fraction of biotinylated PEG-lipids to immobilize acceptor liposomes (W. Xu, unpublished data, and ref. 6 ). This eliminates the need to covalently functionalize the surfaces and simplifies the assay. In the Rothman laboratory, the technology is being applied to other applications such as capture of Golgi-derived vesicles by a tether protein (R. Beck and B. Antonny, unpublished data) and single-molecule FRET studies 41 .
Comparison with other methods
One other approach to reconstituting neuronal SNARE-mediated fusion in an SUV-SBL geometry has also managed to recapitulate the SNAP-25 requirement of fusion. In the Tamm and Fasshauer groups' method 42 , the assembly of SNAREs was directed by use of an artificial peptide corresponding to the C-terminal portion of the v-SNARE VAMP-2/synaptobrevin. This approach uses a t-SNARE syntaxin-1 whose N-terminal regulatory domain is removed. This accelerates SNARE complex assembly, but apparently at the expense of specificity: an inactive 2:1 complex between syntaxin and SNAP-25 is formed rapidly unless precautions are taken 43 . By including a peptide corresponding to VAMP-2 , the formation of the 2:1 complex is prevented 43 . The peptide is displaced when full-length VAMP-2 zippers with the t-SNARE acceptor complex. Despite its elegance, this approach presents some drawbacks. First, the lack of the N-terminal regulatory domain of syntaxin precludes any studies of the regulation of the SNAREs where this domain is involved. Second, the SBL formation requires Langmuir-Blodgett deposition of a monolayer that is incompatible with microfluidics, followed by vesicle fusion to deposit the second leaflet. Third, the docking-tofusion delays may be limited by how fast the VAMP-2 peptide is displaced. Barring these drawbacks, the approach of Domanska et al. 42 presents a viable alternative to ours or to that of Diao et al.
7
The tethered-vesicle fusion assay by Ha and colleagues 3 (Diao et al. 7 , this issue of Nature Protocols) is complementary in some ways to our SUV-SBL assay. The two assays are compared in Table 1 .
Limitations
The formation of a PEGylated SBL is driven by the favorable adhesion energy between PEG and the glass substrate; it is opposed by the cohesive forces that hold together the vesicle. As it is the PEGglass interactions that drive vesicle spreading, the SBL formation process is rather insensitive to the lipid composition insofar as the cohesive forces within the bilayer are not substantially modified. Consistent with this, without resorting to the use of divalent cations we have had about the same rate of success for forming fluid SBLs using uncharged lipids as bilayers containing up to 30-35% negatively charged lipids.
In contrast, when cholesterol is included, our rate of success in producing fluid SBLs is much lower (about one in five to ten trials, depending on the cholesterol content), presumably because the spreading energy cannot overcome the higher yield strength taBle 1 | Comparison of the SUV-SBL and the tethered-vesicle fusion assays.
suV-sBl assay tethered-vesicle assay
It better mimics the geometry found in the fusion of small organelles with large, flat target membranes, as in synaptic vesicle-plasma membrane fusion
Better mimics the geometry of homotypic fusion (e.g., of endosomes) t-SNARE densities can be reduced to < 1 per SUV to avoid aggregation
At least a few SNAREs per liposome must be used
It is difficult to increase t-SNARE densities to > 1 per SUV High t-SNARE densities are easily achievable
It is better suited for real-time monitoring of docking and fusion events, as the fusion rate per unit area is high even when using pM SUV concentrations, and it takes hours to consume the t-SNAREs on the surface. This is because the v-SUVs react with a very large surface area
The area fraction occupied by the acceptor SUVs on the coverslip surface is tiny. Thus, at the same bulk SUV density, the docking and fusion rates are very low compared with the SUV-SBL assay. The number of fusions that can be cumulated is limited by the low density of acceptor SUVs (a few hundred per view-field) of bilayers in the presence of cholesterol 44, 45 . Several strategies can be used to stress the adsorbed vesicles to levels above their rupture tension, such as the addition of divalent ions (if the bilayers are negatively charged) 46, 47 , osmotic stress or the use of soluble PEG chains 48 . We have had promising results with some of these approaches (A. Gohlke and E.K., unpublished data), but we have not yet optimized conditions.
Another limitation of the method is that the t-SNARE densities that can be used seem to be limited. This is because beyond roughly one externally facing t-SNARE/liposome (about L:P = 10,000 for vesicles of 50 nm in diameter, assuming ~0.7 nm 2 per lipid 49 , ~140 t-SNAREs per µm 2 ), it becomes difficult to obtain fluid SBLs. It is possible that at high densities the t-SNAREs that protrude out of the PEG brush tether the vesicles onto the surface, but without providing much incentive for them to spread. Another possibility is that the t-SNAREs tend to form aggregates when they are concentrated, as was suggested by Liu et al. 14 . A major bottleneck is the time it takes to analyze the results. We have automated this process to some extent 9 , but we find that detection of docking and fusion events in a fully automated manner is still not very reliable. We use a combination of manual and automated detection and analysis (see PROCEDURE and ANTICIPATED RESULTS). User supervision of detected events and intervention to correct tracking errors are essential for obtaining good quality data. Major challenges are: (i) in addition to a highly variable background signal, the objects to be detected themselves have a very broad distribution of intensities; and (ii) in most cases, we are interested only in a (small) subset of vesicles-those that fuse with the SBL. These vesicles typically have a very short docked lifetime and are easily missed when freshly docked vesicles are identified by the computer. We expect that these limitations will gradually be overcome as more powerful image processing routines are developed.
If a TIRF microscope is not available and far-field epifluorescence is used for detection, additional limitations arise. The inherently higher background necessitates longer exposure times and slower acquisition speeds (typically 10 frames per second with a non-electron multiplying CCD camera), making it difficult to detect single fluorescently labeled lipids. In addition, the camera exposure must be slow and/or the flow rate fast enough such that the vesicles in bulk appear as streaks. If they are captured as dots, then they are easily confused with docked vesicles. The streaks further complicate the background for automated analysis. As the exposure time is long and it is difficult to judge when a vesicle contacts the surface, some transient docking events in far-field epifluorescence acquisitions are missed in the analysis. In faster TIRFM acquisitions in which transient dockings are captured, we systematically find higher docking rates.
The flow channels are prone to leaks. With careful work, by using very clean coverslips and PDMS blocks, and by using an appropriate PDMS block design (with ample space between channels), leaks are minimized. For successful SBL formation, an impeccably cleaned coverslip must be plasma treated just before being assembled into a flow cell by adhesion of the PDMS block. To enhance the PDMS-glass adhesion, and therefore reduce the risk of leaks, two common approaches in the microfluidics community are: (i) plasma treatment of the PDMS, and (ii) an extended period of adhesion between the PDMS and the coverslip, preferably in a warm oven (~60 °C for a few hours). Neither approach is suitable for our purposes. Plasma treatment presumably produces degradation products on the PDMS surface, which are deposited onto the glass coverslip surface when the SUVs are first introduced into flow channels. We have never been able to obtain high quality, fluid SBLs after plasma treatment of the PDMS. As for the second approach, the effect of plasma treatment of the coverslip is transient, and the t-SUVs must be introduced within 15-20 min of treatment for successful SBL formation. Thus, there is a short window after plasma treatment of the coverslip, during which the PDMS-coverslip adhesion improves, but the hydrophilicity of the coverslip decreases.
Finally, presumably because the success of the experiment depends on the success of many independent parts, each one of which can go wrong, it happens sometimes that the experiment does not function (this usually means no fluid SBLs, hence no fusion) for no obvious reason. In this respect, our assay is no different than black lipid membrane studies 50 . When this happens, we meticulously revise and verify each step, ordering fresh lipids, cleaning a new batch of coverslips, making new PDMS chambers and so on. In many cases we are able to track the problem to seemingly trivial sources, such as inactive hydrogen peroxide, a plasma cleaner that was used for other purposes (which had left some residue that had to be removed), tiny leaks in the flow channel that were difficult to visualize or coverslips that were not kept under dry and clean conditions.
Considerations for the procedure
Steps 1-13 of the PROCEDURE ('Template using SU-8 photolithography') must be done in a clean room facility; this requires specialized training before access is granted, but once a good template is obtained, it can be used many times (up to a few years) to produce PDMS blocks. Thus, if you are not planning to access a clean room routinely or you do not have easy access to one, it might be better to ask the clean room staff or colleagues routinely doing SU-8 photolithography to produce a few templates for you (less than a day's work for an experienced user, provided a mask is already available) instead of getting the appropriate training for general clean room access and for all the instruments (which takes a few weeks in most academic environments). For SU-8 photolithography we closely follow instructions given by the supplier (http://www.microchem.com/).
Molding of the PDMS block using the template can be done outside of a clean room, although if you have relatively easy access to one, we recommend preparing the PDMS blocks in the clean room as well. This will ensure keeping the template clean, as well as making PDMS blocks that are very clean. If these steps will be done in a laboratory, select an area that is as dust-free as possible (keep the template closed in its dish, keep the flow channel side of the PDMS blocks as little exposed as possible and so on).
Below we assume a TIRF microscope is being used. There is little difference in the experimental steps if a far-field epifluorescence microscope is used, but the acquired movies will look quite different (see the movies in the Supplementary Methods).
Preparation of v-and t-SUVs is detailed in ref. 51 , and slight modifications are described in Karatekin et al. 8 . For the sake of completeness, here we provide a brief outline, pointing out some differences and key points (Steps 30-40 of the PROCEDURE). Notably, here we make the same amount of t-and v-SUVs and do not collect all the buffer fraction after flotation (Step 35). Both sets of SUVs are fluorescently labeled, which allows the use of fluorescence to quantify lipid concentrations instead of radioactivity. We use full-length SNAREs and coexpress SNAP-25 and syntaxin-1 (refs. 1,51). Saver or Desi-vac, 1,100 ml; these will hold the custom-made Pyrex beaker with the coverslip holder, plus a few Humidity Sponges) (Fig. 1) .
MaterIals

REAGENTS
•
proceDure template using su-8 photolithography • tIMInG 1 d (if mask is provided) 1| Draw a photomask design using appropriate design software (AutoCAD, Layout Editor and so on). These software programs tend to be expensive and require some training. Alternatively, contact your local clean room staff (if you have access to one) or a mask supplier for technical help. Many mask suppliers will accept a rough sketch and will make the corresponding technical drawings themselves for an additional fee. A mask with a good design can be used for several years if you take good care of it. Keep the mask in the clean room and avoid getting it scratched or soiled. One of the designs we use (four flow channels in parallel) is shown in Figure 4 . We place six identical designs onto a single 10-cm wafer. This allows making six PDMS blocks in one batch.
2|
Wafer cleaning using 'piranha' etch. Take a wafer and put it into a 150 mm × 75 mm Pyrex dish. Pour 100 ml of H 2 O 2 on top. Measure 200 ml of H 2 SO 4 in a separate Pyrex beaker (you do not need to be very precise, so a volumetric flask is not needed). Pour the acid into the beaker containing the wafer. As soon as the H 2 SO 4 is added, a very violent reaction will occur and fumes will come out. The dish must be deep enough to prevent overflowing of the boiling solution. Loosely cover the top of the dish (to prevent the boiling mixture from splashing out). Let the reaction run for ~30 min. The bubbling will subside by then. ! cautIon Use appropriate PPE, including safety glasses; a full-face shield; heavy, long-length chemical gloves; and a chemically resistant apron. These manipulations must be done in a chemical hood.
3|
Pick up the wafer using a wafer tweezer. By using two tweezers, rinse the wafer thoroughly under a stream of MQ water. If the piranha mixture is still hot, let it cool before disposing of it into an appropriately labeled waste container with a vented cap. ! cautIon If the cap is not vented, an explosion may occur.
4|
Place the wafer on a hot plate at 300 °C for ~10 min to dehydrate it. Let it cool.
5|
Place the wafer onto the spin coater. Activate the vacuum to hold the wafer tightly in place. Pour 5-10 ml of SU-8 2075 onto the wafer directly from the bottle.
(Tip: cover the spin coater's side walls with aluminum foil or wipes to facilitate cleanup (SU-8 is very sticky and difficult to get off). But be careful; when the wafer starts spinning, it should not catch the foil or the wipe.)  crItIcal step Avoid bubbles. It is quite difficult to control the volume poured. The use of pipettes is difficult as there is a greater tendency to introduce bubbles. 
13|
Characterize the heights of the SU-8 features using a profilometer. The height should be 70-80 µm (typically slightly thicker for the features close to the edges). Place the wafer into a Pyrex dish. Write down below the dish the characteristics of the template (date, measured height, dimensions, your name and so on).  pause poInt A good template can be stored and used many times for a few years. old-fashioned rubber bulb to pull/push the PDMS). Part B is more fluid and easier to handle (no need to break the tip of the plastic pipette). Mix the two parts well. This will produce a large amount of bubbles. Note that much less Sylgard 184 will be required to fill the removed portions of the cross-linked PDMS in the subsequent rounds of use of the template (Step 18).
15|
Degas in a vacuum desiccator. Alternatively, divide the mixture into 50-ml Falcon tubes and spin for 5 min at 3,000 r.p.m. at room temperature in a desktop centrifuge (~1,000g). ! cautIon If a desiccator is used the mixture will foam further and the foam will rise. Leave enough space on top of the cup for this and control the vacuum level to prevent overflowing.
16|
Remove the wafer from the dish and pour a large drop of the degassed PDMS cross-linker mixture in the middle of the Pyrex dish. Put the wafer on top of the drop and gently push down to force the PDMS out from the bottom. This ensures that no air bubbles will be trapped under the wafer. Pour more PDMS on top of the wafer, up to a depth of about 5-6 mm (Fig. 5a) . If the thickness is too small, then when the tubing is inserted, the strain at the base will be too high, thereby resulting in poor adhesion and increased likelihood of leaks. If the thickness is too high, then punching a hole will be difficult.
17|
Place the dish into a clean oven set at 60 °C for 3 h. Make sure the dish is level (use coverslips and so on to make it level if needed). If the PDMS is baked too long it may crack during punching. If baked for too short a time, it sticks better onto glass, but there will be some risk of contamination from unreacted materials (it is better to vary the cross-linker to PDMS ratio to tune the elastic modulus rather than over/underbaking). Other temperatures may be used with corresponding adjustments to the baking time.
 pause poInt Cross-linked PDMS can be kept for a few months.
18|
Carefully cut out a piece of PDMS containing the molded features (Fig. 5b). (Tip: use a fresh surgical blade and try to cut in one straight motion. This will result in smooth sides and a clear view of the holes and tubing to be inserted later.) Gently lift off the PDMS block that is cut using the blade and/or flat-tip tweezers. Place the PDMS block channel-side-up onto a clean piece of aluminum foil.
19|
Place the aluminum foil with the PDMS block onto a clean room tissue (lint-free). Take the hole puncher and place it gently over the inlet reservoir of the microchannel (Fig. 5c) . While keeping it vertical, punch a hole in one clean, straight motion. Push the puncher all the way down and wiggle it gently to ensure that the punched PDMS is completely cut off. Push the puncher further by lifting the PDMS block and holding the back of the aluminum foil with a finger (do not punch your finger!). A tiny piece of the aluminum foil should be punched as well. The PDMS that was drilled is now in the bore of the puncher. Push it out by pushing the button at the back of the puncher. The drilled PDMS piece should come off (Fig. 5d) . Discard it and carefully pull out the puncher from the other side. Repeat this hole-punching exercise for all channel inlets and outlets (eight holes in total for a four-channel design). When you are done, use pressurized nitrogen or air to blow off tiny scraps of aluminum or PDMS and place the PDMS block onto a fresh and wrinkle-free piece of aluminum foil. (Tip: hole punching can be done under binoculars.)  pause poInt Store in a clean and dry box (a vacuum desiccator is best). It can be stored for a few months. the way in. Allow enough tube length to reach the Eppendorf reservoir and the syringe pump in your microscope setup (Fig. 1) .  crItIcal step If the tubing is inserted too far it strains the PDMS and perturbs its adhesion to the glass substrate, which in turn increases the likelihood of a leak during the experiment.
21|
Cut a short (~2 cm) piece of the soft silicone tubing (0.51 mm i.d., 2.1 mm o.d.). Insert the Tygon tube attached to the outlet of a channel into the silicone tubing using tweezers. The other end of the silicone tubing will be connected to the syringe needle during the experiment (Fig. 1d) . Repeat for all outlets.
22| Optionally, apply a small drop of Dow Corning 3140 RTV coating to where the Tygon tubing meets the PDMS. This creates a hermetic seal and distributes the stress as the tubing is moved about (e.g., during solution changes). However, the 3140 coating is fluorescent, and makes it a little difficult to detect leaks (Step 50), so we do not always apply it.  pause poInt A PDMS block with holes and inserted tubing can be kept for a few months in a clean box.
coverslip cleaning • tIMInG 0.5 d 23| Place ten 24 mm × 60 mm coverslips into a custom-made all-Teflon holder (Fig. 6) . The holder is made using Teflon only, without any glue. Leave ample space in the notches holding the coverslips and use holes to avoid any stagnant spots. If the piranha residues cannot be thoroughly cleaned, then spots will be left after drying. Place the loaded holder into a Duran (or Pyrex) beaker with a lid (custom-made, see Fig. 6 ). ! cautIon Use Pyrex or Duran thin-walled beakers to avoid cracking from the thermal stress. Optionally, put the beaker into a large Pyrex tray to contain any spills in case the beaker cracks or your solution spills over.
24| Add ~240 ml of MQ water to cover the coverslips. Add 4-6 ml of Hellmanex II and mix by pulling the Teflon holder up and down, and by rotating it using #7 curved tweezers (Fig. 6) . Place the beaker in a hot (80 °C) sonication bath for 20 min. Stir occasionally by moving the Teflon holder.
25|
Rinse thoroughly under running MQ water stream. Take the Teflon holder out of the beaker. Use two tweezers, if needed, to tilt the holder such that the water stream hits the faces of the coverslips and the corners are accessed thoroughly.
26|
Move the beaker with the coverslips to the acid hood for piranha cleaning. Add 100 ml of H 2 O 2 that does not contain any inhibitor. Add 150 ml of H 2 SO 4 (measured in a separate Pyrex beaker). After a few seconds of lag time, lots of bubbles should come out as the mixture boils. If the reaction is mild (or if regular H 2 O 2 with inhibitor is used), the beaker can be placed on top of a hot plate and heated to 120 °C to boost the chain reaction. Leave for 30-50 min, or until the bubbles subside. ! cautIon Do these steps in a chemical hood using appropriate PPE (see Step 2) . Avoid any organic residues such as acetone in the beakers, which would react very violently with the piranha mixture. We prefer doing the piranha cleaning in the clean room, as all the safety and waste disposal features are in place and such reactive etching mixtures are routinely used (and all users receive proper safety training before gaining access). The coverslip cleaning can alternatively be done in a laboratory, but the appropriate safety equipment and waste disposal procedures must be in place. You must clearly label beakers, solutions used and so on. If the piranha mixture is still hot, transfer it into another Pyrex beaker to let it cool before disposal (into an appropriate waste bottle with a vented cap). sonication time at each cycle to 7 and 10 min. After a final rinse, get rid of excess water by blowing nitrogen (be careful not to blow droplets from other places onto coverslips).  crItIcal step If the coverslips are not rinsed thoroughly, spots will be visible on the coverslips and you will not be likely to obtain fluid SBLs.
27|
28|
Place the beaker into a clean oven at 120-150 °C for more than 1 h.
29|
If the coverslips need to be transported (e.g., from the clean room to the laboratory), let them cool and then place the beaker into a plastic vacuum desiccator. Add one or two Humidity Sponges. For longer storage, place the coverslips in their beaker in a glass desiccator with desiccant.  pause poInt Cleaned coverslips can be stored for a few months in a vacuum desiccator. suVs • tIMInG 2 d to make and 0.5-1 d to characterize 30| The lipids (dissolved in a 2:1 (vol/vol) mixture of chloroform and methanol) are mixed at the desired ratio in glass tubes and the solvent is evaporated (either using a Rotavap or a nitrogen streaming system). Trace amounts of organic solvent are removed under high vacuum for more than 2 h.
31|
The dried lipids are hydrated in a mixture of detergent (N-octy-β-d-glucopyranoside or sodium cholate both work fine) and protein. The final detergent concentration is kept ~2 times above its critical micelle concentration, and the detergent/ lipid ratio is kept >10 by adjusting the total volume. Typically, the total hydration volume is 500 µl. Alternating heating the mixture to ~40 °C in a water bath and shaking helps for a thorough dispersal of the components. 32| Add 1.5 ml of RB-EDTA buffer to rapidly dilute the mixture fourfold such that the detergent concentration decreases below its critical micelle concentration.
33|
Dialyze overnight in ~4.5 liters of RB-EDTA supplemented with 5 g of Bio-Beads (which keep the detergent concentration in the buffer essentially nil, thus making buffer changes unnecessary). 35| Collect 400 µl of SUVs from the 0% to 20% interface (do this in the cold room to avoid condensation). Pipette out some of the top buffer and discard. Use a 200-µl pipette to reach the 0% to 20% interface and collect SUVs in two 200-µl steps. The goal is not to recover all the SUVs (we would not be able to use all of them) but to get a clean, concentrated fraction. As the SUVs are colored, they are easily visualized.
36|
Keep at 4 °C up to ~1 week. Alternatively, freeze at − 80 °C in small aliquots (include 1-10% (wt/vol) glycerol in the buffer).
37|
Characterize the lipid concentration by fluorescence spectroscopy 8 .
38|
Characterize the protein yield by western blotting (t-SUVs) and Coomassie staining of SDS gels (v-SUVs). See Karatekin et al. 8 for details and sample data.
39|
Verify that the LP is close to the nominal value.
40|
Characterize the size distribution of SUVs by dynamic light scattering 8 or cryoelectron microscopy 51 . The latter is better, but it takes considerably longer to perform. The size of the SUVs determines the number of proteins and labels per vesicle, and it is important to characterize for at least some batches. Note that if the SUVs are frozen and thawed, then the size distribution is likely to change. experiment • tIMInG 1 d 41| Turn on the microscope. Set the desired temperature (25-37 °C) . Let the lasers and the temperature stabilize (more than 20 min). Check the alignment (especially if others use the setup). (Tip: we find it slightly easier to obtain fluid SBLs at higher temperatures, but leaks and bubbles are also more likely. Temperature has a nonintuitive effect on the docking and fusion rates (see ANTICIPATED RESULTS).) 42| Set up/verify the syringe pump and the tube holder.
43|
If it is not kept under vacuum, place the PDMS block under vacuum in a desiccator for at least 20 min. This removes dissolved gases and greatly reduces the likelihood of sucking in air bubbles during the experiment.
44|
Filter the RB-EDTA buffer using 0.45-µm or even 20-nm syringe filters. Degas the RB-EDTA buffer that will be used for diluting the t-SUVs. Use a 5-ml syringe to draw ~0.5 ml of buffer. While holding the syringe vertically, push out most of the air. Close the tip (no needle) with a piece of Parafilm and press down hard with your index finger while pulling out the plunger. This creates a vacuum. With some practice you can manage to hold both the tip and the plunger with one hand and gently tap onto the syringe with a pen using the other. This accelerates the degassing rate greatly. You should see a lot of bubbles coming out from the solution. Repeat the procedure a few times until few bubbles come out when you tap under reduced pressure.
45| Dilute 30 µl of t-SUV stock solution (1-3 mM lipid) with ~120 µl of degassed RB-EDTA. The t-SUV concentration does not seem to be crucial, at least up to a tenfold dilution. Punch a hole into the cap of a 500-µl Eppendorf tube using an 18-gauge needle (BD 305196) and place the diluted t-SUVs into the tube. Place the tube into the holder on the microscope stage.
46|
Carefully pick up a clean coverslip (Step 29) using flat-tip no. 2A tweezers and place into the plasma cleaner (in the middle of the two sets of coils) where the plasma intensity is highest. Close the valve on the cover completely. Place the cover and hold it by hand. Turn on the vacuum pump. The cover should now be held in place by the vacuum. Turn on the RF source and set the intensity to high. When the plasma forms (violet glow), adjust the inlet valve very gently to maximize the glow. Treat for 2-3 min, and then turn off the RF and the pump. Open the inlet valve to release the vacuum and release the cover.  crItIcal step Before a cleaned coverslip is taken out of the holder, everything must be ready to go.
47|
Take out the coverslip and place it onto a lint-free tissue. Take the degassed PDMS cell out of the desiccator and peel off the aluminum foil. Clean the side of PDMS facing the coverslip (channel side) by sticking and detaching a fresh piece of Magic tape. Assemble the flow cell by placing the PDMS block on top of the coverslip. Push down the PDMS using tweezers to apply some pressure to improve adhesion (without breaking the coverslip). 
50|
Check for leaks by looking at NBD-PE fluorescence using a ×20 or ×40 air objective that is good for fluorescence. It helps if all the channels are entirely within the field accessible to the objective. (Tip: small leaks are difficult to detect using bright-field illumination. The use of fluorescence greatly facilitates the detection of leaks.) ? trouBlesHootInG 51| Rinse excess t-SUVs using degassed RB-EDTA. Place the RB-EDTA in a 500-µl Eppendorf tube (cover punched) and let its temperature equilibrate in its holder on the microscope stage. Stop the syringe pump and wait for ~1 min to make sure that the flow has come to a halt. Pull the tube out of the t-SUV solution and put it into the buffer. Withdraw at 2 µl min − 1 for 25 min (50 µl).
52|
While rinsing, switch to the ×60 oil objective and observe the SBL. It should be free of large-scale defects and look quite homogeneous from the inlet to the outlet. Some small bright dots are OK (presumably they are liposomes or lipid aggregates that cannot be washed away easily).
53| FRAP. Close the field diaphragm to its minimum. Select the NBD-PE filter set. Set a small TIRFM angle (measured from the plane normal, amounting to a large penetration depth). A large angle (small depth) results in a blurred view of the edges of the diaphragm. Program the following sequence: first, take 4 or 5 frames at 1 Hz at low laser power (e.g., 1% of the maximum), opening the shutter only during camera exposure; second, open the shutter for 1-4 s while illuminating at full laser power; third, acquire time-lapse images at 2 Hz at low laser power for 10 frames; and fourth, acquire time-lapse at 0.25 Hz at low laser power for 2-4 min. The first step provides the prebleach intensity and an estimate of the bleaching rate during read-out. The second step bleaches the exposed region. The read-out period for recovery is broken down to two stages to minimize bleaching. Rapid acquisition is used for a few seconds to closely capture the initial recovery. The asymptotic recovery can be recorded with much reduced time resolution. See Figure 2 for an example. (Tip: this sequence can also be done in far-field epifluorescence mode, but the signals are better in TIRF. If it is difficult to program the microscope and the lasers, you can simply record the intensity profile near the edges of the diaphragm under constant illumination. If the SBL is fluid, the profile should be smooth. Depending on the area and the diffusivity of the lipids, the recovery time will vary. Adjust the protocol accordingly.) ? trouBlesHootInG 54| Dilute the v-SUV stock solution to a few picomoles of liposomes (a few tens of nanomoles of lipid) using degassed RB-EDTA. First dilute 4 µl of the stock in 996 µl of RB-EDTA (solution I). Then dilute 4 µl of solution I in 996 µl of RB-EDTA, resulting in a dilution of the stock by a factor of 1.6 × 10
5
. The final dilution has to be adjusted to find a good compromise between the amount of background and the fusion rate. High dilution results in low background, but also in a low fusion rate. A practical range is about 10-100 fusions per 60 s movie. Put the diluted v-SUVs in a 500 µl Eppendorf (a hole punched in the cap), and put the Eppendorf into the holder for more than 5-10 min to allow for the temperature to equilibrate.
55|
Stop the flow of the rinsing buffer (if not already stopped). Take out tube from the buffer reservoir and put into the v-SUV solution.
56|
Introduce the v-SUVs into the channel by aspirating at 2 µl min − 1 . Switch to the LR-PE filter cube and 532-nm laser excitation. Set a small TIRF penetration depth. In our system it takes about 4-10 µl for the first v-SUVs to reach the channel. Observe the same area under continuous illumination, using medium laser intensity.
57|
As the v-SUVs arrive, some dock onto the SBL without fusing, while some will fuse. The background fluorescence will increase. Wait a few minutes until a steady state is reached where the background does not increase any more due to continuous bleaching by the excitation laser.
58| Acquire a stream movie. The duration is limited by the acquisition rate and disk space. We typically acquire for 1 min at ~30 frames s − 1 full-frame (512 × 512 pixels; ~1 GB), or ~57 frames s − 1 over a region of interest that is 256 × 400 pixels (700 MB). ? trouBlesHootInG 59| Make two to four recordings from the same channel, from different regions. When you move to a new region, it will have accumulated a large amount of fluorescence. To accelerate bleaching, you can use a high laser intensity, then switch to a moderate intensity for recording. ? trouBlesHootInG 60| If this is a new setup, then vary the laser power and record streams from the same region to check the effect of the laser power. (Tip: at low laser power the poor signal-to-noise ratio may lead to undercounting of fusion events. At high laser powers we usually find some weak effect on the long timescale (nonspecific) fusions. Rapid fusion events occur within 150-250 ms after a v-SUV docks, depending on t-SNARE density, so bleaching is usually not an issue even at high laser intensities.) ? trouBlesHootInG 61| Move to a different channel and repeat Steps 52-57. Different channels can probe different conditions. Ideally, one of the channels should contain a negative control. ? trouBlesHootInG 62| Clean the channels at the end of the experiment. Rinse with MQ water and then with ethanol (50-100 µl at 2 µl min − 1 each). Then aspirate the air. Optionally, a detergent or sodium hydroxide rinse can be done before the ethanol wash.
63| Detach the tubing. Remove the tape holding the flow cell assembly on the microscope stage. Carefully and slowly detach the PDMS block from the coverslip. If this is the first time the PDMS block is used, adhesion will be strong and additional care must be exercised to avoid breaking the coverslip. Once the coverslip is detached, it can be discarded.
64|
Stick the PDMS block onto a fresh piece of aluminum foil that is free of wrinkles. Place it in a clean and dry vacuum desiccator. The PDMS block can be recycled several times before substantial degradation in adhesion. Especially if you are using a recycled PDMS block, clean its side facing the coverslip with Magic tape just before re-use: stick a piece of fresh tape onto the PDMS and detach it. (Optional cleaning of the PDMS block: remove the tubing from the PDMS block. Place the PDMS into isopropanol and sonicate it for 30 min. Rinse and dry.)  pause poInt All analysis is done offline. . Identify the fusion events. SpeckleTrackerJ provides a number of tools to assist in identifying fusions. Track each fusing vesicle from the first frame in which it docks until it fuses. The duration of such a track is equal to the docking-to-fusion delay for that vesicle. Save the tracks (sample track files are provided in the supplementary Methods).  crItIcal step Identification of fusions and tracking is tedious. Do not rush this step; try to identify all fusions and accurately determine the beginning and end of each track.
67| Analyze other movies as described in Step 66.
68| Make a list of filenames to be analyzed. Run the MATLAB programs EK_SpeckleCSV2EKtraj_F_batch.m and EK_Analyze_ EKtraj_F_batch.m, which are provided in the supplementary Methods. The first one is simply for file conversion. The second one reads the files one by one and plots the cumulative fusions as a function of time for all the files in the list. From the slope of each such curve it estimates the fusion rate. In addition, it calculates the docking-to-fusion delays from track durations. The delays are pooled together and their distribution is plotted in the form of a survival function, i.e., the probability that fusion has not yet occurred after a given delay since docking. Detailed instructions along with sample data are provided in the supplementary Methods. Docking rate • tIMInG 2-4 h per movie 69| Track freshly docked vesicles using SpeckleTrackerJ either manually or using some automated features. Auto-detection is rapid, but will pick up many false positives or fail to detect some docking events, so a manual editing of the tracks must be done afterward. Save the tracks.
70| Repeat
Step 69 for other movies.
71|
Run the MATLAB program EK_Analyze_EKtraj_D_batch.m (see detailed instructions in the supplementary Methods). It will return a cumulative plot of docking events as a function of time and calculate the docking rate. alternative analysis (optional) 72| A simpler analysis involves manually detecting docking and fusion events using the ImageJ plug-in PointPicker. This program simply records the pixel and frame coordinates of a mouse-clicked point. This type of analysis becomes difficult when the fusion or docking rates are high, but novice users may find it easier to handle than SpeckleTrackerJ. Detailed instructions, along with sample data, are provided in the supplementary Methods.
? trouBlesHootInG Troubleshooting advice can be found in table 2.
• tIMInG Steps 1-13, template using SU- 
suV-sBl docking and fusion
Some recordings of fusion events in far-field epifluorescence mode (100-ms time resolution) are provided in the supplementary Methods. A fusion event is shown in Figure 3a . Three movies were analyzed using PointPicker and the MATLAB programs provided in the supplementary Methods. The results are shown in Figure 7 . The cumulative docking and fusion events increase linearly as a function of time (the docking and fusion rates are constant) over the timescale of a recording. These rates slow down after hours of reaction because the v-SUVs are very dilute 8 . As can be seen in Figure 7d , less than half the docked vesicles end up fusing. The great majority of the docked but unfused vesicles slowly bleach, whereas a small minority undocks and joins the flow 8 . The acquisition rate in far-field epifluorescence (~10 Hz) is a limiting factor for obtaining docking-to-fusion delay distributions with high fidelity, as most of the fusions occur within ~200 ms after docking (Fig. 7b) . One way to estimate the true mean delay for fusion after docking, 〈∆t〉 true , involves making a series of acquisitions with different acquisition periods, T, and plotting the mean delay for each T. The value of the mean delay as T is extrapolated to zero provides a good estimate of 〈∆t〉 true (see ref. 8 
for details).
Other recordings, made using TIRFM (17 ms time resolution), are also provided in the supplementary Methods. A fusion event is shown in Figure 3b . The improved time-resolution and the signal-to-noise ratio allow detection of 
58-61
Too much background fluorescence Lower the v-SUV density and/or the LR-PE density in the v-SUVs. Bleach the background faster using higher laser intensity (but check the effect on the fusion rate and the docking-to-fusion delays). Increase the temperature. Use better filters single LR-PE lipid labels as they diffuse sufficiently apart from one another in the SBL after fusion 9 . These single molecules can be tracked and their mobility quantified using SpeckleTrackerJ 9 . SpeckleTrackerJ also has features facilitating detection of fusion events and can be used for analysis of docking and fusion events. Five movies were analyzed using SpeckleTrackerJ and the MATLAB programs provided in the supplementary Methods. The distribution of docking-to-fusion delays resulting from that analysis is shown in Figure 8 .
The distribution of docking-to-fusion delays is nontrivial (Figs. 7b and 8b) . There is usually a slow tail, likely due to nonspecific fusions occurring on the second timescale after docking 8 . The relative contribution of the slow component is variable (15-35%) from one set of experiments to the next. Much more interestingly, there is also a short-time latency, which is more clearly visible when the data are acquired with high time resolution (Fig. 8b) . The latency is consistent with the need to recruit 4-10 t-SNAREs to the fusion site 8 in addition to the single t-SNARE required for the initial docking 13 . The useful detection window for the docking-to-fusion delays under typical conditions (TIRFM acquisition) is from ~15 ms to ~30-40 s. The shorter end is set by the acquisition rate. The longer end of the window is set by the bleaching rate ( see INTRODUCTION and supplementary Fig. 1 ) and thus can be modulated to some extent by varying the laser intensity (to modulate the bleaching rate) and the v-SUV concentration (to modify the docking and fusion rates, and hence the background fluorescence levels).
For good statistics, at least ~100 (preferably 300-400) fusion events are needed under a fixed set of conditions. The data obtained from different regions in a microfluidic channel or from different channels on the same coverslip under the same nominal conditions typically vary by less than 10-30%. Some examples are found in Figure 2 (FRAP data) and Figure 7c (for the docking and fusion rates). More data are provided in the supplementary Methods, both for conventional epifluorescence and TIRFM acquisition, and they include docking-to-fusion delays. Variability for all parameters from day to day is typically within 50%, provided that the same batch of liposomes and coverslips are used. Most variation comes from experiments using different batches of liposomes and/or coverslips, in which differences up to a factor of two in any one of the measured parameters are possible. For this reason, we make recordings from at least two independent sets of experiments (different coverslips, and/or SUV reconstitutions) and typically end up analyzing more than 6-10 recordings per condition.
A word on the effect of temperature on SUV-SBL fusion is warranted, as it is highly nonintuitive. As temperature increases, the repulsion between the PEG brushes increases 15, 23 , thereby causing the docking (hence the fusion) rate to drop. The delays for fusion after docking seem to decrease with increasing temperature, but we have not studied this in detail.
Good temperature stability during the experiment is essential because the area per lipid head group, a 0 , varies with temperature. If temperature is lowered, dark spots (holes) appear on the SBL (visualized using NBD-PE), presumably because a 0 is reduced and the SBL shrinks. Conversely, heating an SBL results in excess membrane area that sometimes comes off the surface in the form of tubular structures. Such effects were noted very early in SBL research 11 . Temperature-induced variations in SBL area, particularly shrinkage, may have dramatic effects on the docking and fusion of SUVs. Consistent with this idea, Wang et al. 52 reported that cooling of SBLs from 37 to 25 °C and use of chilled v-SUVs resulted in 
